VoLUuME 20, NUMBER 19

PHYSICAL REVIEW LETTERS

6 May 1968

DIFFERENTIAL CROSS SECTIONS FOR NEUTRAL-PION ELECTROPRODUCTION
NEAR THE FIRST PION-NUCLEON RESONANCE*

C. Mistretta, T D. Imrie,f J. A. Appel, R. Budnitz,§ L. Carroll,** J. Chen,
J. Dunning, Jr., M. Goitein, K. Hanson, A. Litke, and R. Wilson
Harvard University, Cambridge, Massachusetts
(Received 19 March 1968)

Electron-proton coincidences from the reaction e~ +p—e~ +p +7° have been measured
for pion-nucleon center-of-mass energies in the region of the N*(1236) resonance at
four-momentum transfers near 1, 3, 6, and 10 F~2 [0.05 to 0.4 (BeV/c)?]. Data have
been obtained for pion polar angles between 100° and 180° c.m. over a wide range of azi-
muthal angles. The results are compared with the dispersion theories of Adler and Za-

gury.

An extensive set of angular-distribution mea-
surements has been made for the reactions e~
+p-e~+p+mand e~ +p—~e~+n+7t at the Cam-
bridge Electron Accelerator. The main aim of
this program is to extract information on the
charge form factor of the positive pion using dis-
persion theory®? to estimate background to the
one-pion-exchange contribution in the charged-
pion reaction.® The cross sections presented in
this Letter provide information about the closely
related dynamics of neutral-pion electroproduc-
tion? and represent the most stringent test of the
theory presently available.

The apparatus was similar to that used in re-
cent measurements of elastic electron-proton
scattering and quasielastic electron-deuteron
scattering at Harvard.%®

An external electron beam was incident upon a
2-in. long, liquid-hydrogen target and electrons
scattered within a 15% momentum interval cen-
tered on the peak of the N*(1236) resonance were
detected in a half-quadrupole spectrometer fol-
lowed by a gas Cherenkov counter and a lead-
Plexiglas shower counter. The electron momen-
tum resolution of approximately 1.5% (full width
at half-maximum) corresponded to a resolution
of approximately 40 MeV in the pion-nucleon cen-
ter-of-mass energy.

Protons and positive pions were detected in co-
incidence with scattered electrons by a counter
array consisting of three scintillation counters,
a 12 X12 scintillator hodoscope, and a Plexiglas
Cherenkov counter, protected from the back-
ground flux of low-energy charged particles by a
sweeping magnet. The hodoscope subtended a
laboratory solid angle of approximately 200 msr
at the target.

The data associated with each event were pro-
cessed by an on-line PDP 1 computer and stored
on magnetic tape. The recorded information in-
cluded pulse-height information from several
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counters, the status of the 35 electron-counter
and 24 hodoscope-counter discriminators, and
various experimental parameters needed for
bookkeeping purposes. Because of this facility,
it was not necessary to separate pions from pro-
tons during data taking. Particle identification
was accomplished during subsequent analysis us-
ing pulse-height information from the first two
proton scintillation counters and the Plexiglas
Cherenkov counter. This procedure permitted
the simultaneous measurement of cross sections
for both neutral- and charged-pion production.
The separation of protons from the minimum ion-
izing pions became more difficult at the higher
four-momentum transfers, where the proton
pulse height decreased, but in all cases this
problem contributed an error of less than 3% to
the neutral-pion cross sections.

The rate of data collection was limited by ran-
dom coincidences caused by the large flux of
charged particles through the proton counters.
However, since between 60 and 80% of the real
coincidence events were produced by protons,
the beam intensity was actually limited for the
sake of the positive pion data, and the subtrac-
tion for random coincidences was usually less
than a 4% correction to the proton events.

Since the momentum of the particles in the pro-
ton arm was not measured, the identification of
events dependend upon the assumption that the
real coincidences were associated with either
the p +1° or the # + 7" final state. This inability
to reject multiple-pion events limited the analy-
sis to energies less than approximately 1320
MeV in the isobar system, where photoproduc-
tion data’ indicate that double-pion contamination
is less than 3%.

A further constraint was placed on the analysis
by the fact that the proton energy at any labora-
tory angle is double valued, a considerably low-
er energy being associated with protons emitted
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at large angles in the isobar system. All of the
cross sections presented in this Letter were
measured in angular regions where the “back-
ward” protons had insufficient energy to reach
the hodoscope. A uniform 6% correction for nu-
clear scattering and absorption was applied to
the forward proton events.

The resolution of proton angles was limited by
uncertainties in the direction of the three-mo-
mentum transfer g caused by the finite-electron-
momentum resolution and the vertical extent of
the electron aperture. The effect of the horizon-
tal dimension of the aperture was minimized by
dividing the aperture into 0.2° bins by means of
vertical counters placed at the rear of the elec-
tron spectrometer. The overall resolution was
approximately +2.5° (lab) in both vertical and hor-
izontal directions.

The solid angles subtended by the hodoscope
bins were determined with an accuracy of +2%
by tracing the particle trajectories through the
field of the sweeping magnet. The polar and azi-
muthal angles associated with each hodoscope
bin were also corrected for the effects of the
sweeping field.

In order to obtain angular distributions as a
function of isobar energy, the events were grouped
into electron-energy bins which spanned approxi-
mately 2% of the scattered electron energy on
the N* peak at four-momentum transfers of 1, 3,
and 6 F~2 and 1.5% at 10 F~2. The actual ener-
gy acceptances of these bins were determined ex-
perimentally with an accuracy of +5%.2

The cross sections were corrected for the ef-
fects of real and virtual radiators. For a typi-
cal electron-energy bin, a 25% correction was
made for the loss of electrons which radiated
out of the bin and a 10% subtraction was made
for electrons which radiated into the bin from
the threshold side of the resonance. The effect
of the latter on the proton angular distribution
was estimated to be small compared with the sta-
tistical errors. The normalization error associ-
ated with the radiative corrections was estimat-
ed to be £4%.

The measured triple-differential cross sec-
tion can be related to the pion angular distribu-
tion by the expression

3 ’ =
d®c/dE dwedﬂw I‘Tdcr/dﬂﬂ,

where
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w, is the laboratory solid angle for electron de-
tection, Qg is the center-of-mass solid angle for
pions, E and E’ are the incident and scattered
electron energies, ¢? is the square of the invari-
ant four-momentum transfer, 0, is the electron
scattering angle, W is the center-of-mass ener-
gy of the pion-nucleon system, and M is the pro-
ton mass.

Assuming one-photon exchange, the form of
the angular distribution is®

do do do
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where € is the polarization of the transverse
components of the virtual photon, 0x* is the cen-
ter-of-mass pion polar angle measured with re~
spect to g, and ¢ is the pion azimuthal angle,
defined to be zero in the electron scattering
plane between g and the incident beam direction
(see Fig. 1).

The first term in the cross section is entirely
due to transverse interactions and reduces to
the corresponding photoproduction cross section
in the limit of the square of zero four-momen-
tum transfer. The second is unique to electro-
production and is due to scalar (longitudinal) in-
teractions. Several experiments involving only
the detection of the scattered electron have mea-
sured the integrals of these two terms, summed
over both decay modes of the N*.°~'3 The third
term is due to interference between amplitudes
involving the transverse components of the elec-
tromagnetic field and has been measured using
real polarized photons'**® and in positive-pion
electroproduction.’®* Because the virtual proton
polarization in the presént experiment was ap-
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FIG. 1. Experimental geometry. 0p is the proton
laboratory polar angle and ¢p is the proton azimuthal
angle. The undetected neutral pion is not shown. Its
aximuthal and polar angles can be deduced from the
relations @ r=¢p +180° and O7*=180°~6p*, where Op*
is the proton c.m. polar angle.
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proximately 98%, this cos2¢; dependence is
clearly evident in the results.

The last term in the cross section is due to
scalar-transverse interference and was expected
to be small for neutral-pion production. Its pres-
ence at four-momentum transfers of 3 and 6 F~2
is one of the most surprising aspects of the data.

Several representative angular distributions
do/dQq are shown in Fig. 2, plotted as a func-
tion of pion azimuthal angle for fixed 67*. In ad-
dition to the statistical errors shown in the fig-
ure, there is an overall normalization uncertain-
ty of approximately 10%.

The solid and dashed lines are the dispersion
theory predictions of Adler and Zagury, respec-
tively, which have been evaluated with the pion
form-factor set equal to the proton charge form
factor Ggp, and with the nucleon form factors as-

sumed to obey the scaling law and the dipole
fit%®:

\

2 -2
G :——QGM = GMn = |:1 + _‘—""—_'—q ]
Ep L m 0.71 (BeV/c)®l
p n
GEn=O.O.

However, since the dipole fit departs systematic-
ally from the electron-proton elastic-scattering
data in this four-momentum-transfer region,
the theoretical predictions have been multiplied
by the ratio of elastic-scattering cross sections
measured during the present experiment to
those given by the dipole fit. This change in nor-
malization was —6% in the largest case (g =6
F~3),

The general features of the data can be sum-
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FIG. 2. do/dQ; in pb/sr as a function of ¢q at constant 6. *. q2 is the square of the four-momentum transfer in
F~2. W (BeV) is the pion-nucleon c.m. energy. The solid and dashed lines are the theories of Adler and Zagury,

respectively.
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marized as follows: .

(1) At all four-momentum transfers and cen-
ter-of-mass energies the angular distributions
are dominated by the cos2¢y term.

(2) The dispersion theories of Adler and Za-
gury are similar and fit the data reasonably well
on the top of the N* peak at ¢*=1, 3, and 6 F~2,
but are significantly low at g2=10 F~2. This un-
derestimation of the neutral-pion cross section
is confirmed by recent data from Deutsches
Elektronen-Synchrotron!! at four-momentum
transfers of 20 F~2, where the results are gen-
erally higher than Zagury’s predictions. A cor-
responding effect has been noted by Goitein!” in
the total cross section near threshold at momen-
tum transfers up to 130 F—2.

(3) The theories underestimate the cross sec-
tion for pion-nucleon center-of-mass energies
above the resonance at 3, 6, and 10 F~2 and
overestimate it below the resonance at 3 F~2.

(4) At ¢®=3 and 6 F~? the best fits to the cross
section® require a larger scalar-transverse in-
terference (cos@,) term than predicted by either
theory. The measurements of Lynch, Allaby,
and Ritson!? and Bétourné et al.'® have indicated
significant scalar contributions to the total N*
production cross sections in this region. How-
ever, in these experiments it was not possible
to associate any of this effect with neutral-pion
production. No significant cos¢, term is ob-
served at 10 F™2, in agreement with Lynch’s ob-
servation of a predominantly transverse total
cross section there.

Approximately 15% of the neutral-pion mea-
surements are shown in Fig. 2; the complete set
of results will be presented in future publica-
tions.? A more extensive discussion based on all
of the neutral-pion data is given in the following
Letter.*
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